The Jahn-Teller distorted Cu(II) complex [Cu(en) 2 ](OTf ) 2 1 (en = 1,2-diaminoethane) has been reported and characterised using X-ray crystallography, EPR and ENDOR spectroscopy, and DFT calculations. The solid state structure shows an intra-and inter-molecular hydrogen-bonded network via the N-H groups and the coordinated triflate anions. CW and pulsed EPR/ENDOR were used to determine the spin Hamiltonian parameters of the Cu(II) complex, which were in excellent agreement with the DFT. The structure of the complex, as determined by angular selective ENDOR, is also in good agreement with the crystal structure, confirming the axial coordination of the counter-ion(s) in the frozen solution. 
Introduction
The coordination chemistry of copper(II), with its significant Jahn-Teller distortion along the z-axis, is somewhat more complex than for the majority of transition metals, since a variety of coordination geometries are commonplace. 1 However, copper complexes have found widespread application in functional metal complexes, such as catalysts. Being relatively inexpensive, they have been highlighted as potential candidates for environmentally benign catalysts based upon non-toxic and inexpensive metals. 2 The paramagnetic nature of copper(II), with its single unpaired electron, means that analysis using Electron Paramagnetic Resonance (EPR) techniques can divulge a significant amount of information that can be helpful in further understanding the intricacies of its complex coordination chemistry, 3 and it is this aspect that we report here.
As a means to embark on these investigations, we have employed the ubiquitous 1,2-diaminoethane (ethylene diamine, en) as a supporting ligand for copper(II). Ethylene diamine is well established as an excellent supporting ligand for Cu(II), since there are many complexes found with two en ligands occupying the equatorial plane of a Jahn-Teller distorted octahedral complex. It was with some surprise therefore to discover that the crystal structure of the anhydrous complex [Cu(en) 2 ](OTf ) 2 1 has not been reported and we sought to use this relatively simple complex as a means to establish the synergic analysis of such complexes using a combination of synthetic, spectroscopic and theoretical methods.
Whilst EPR studies of coordinated Cu(II) complexes are numerous, considerably fewer studies involving Electron Nuclear Double Resonance (ENDOR) spectroscopy of these complexes have been reported. 4 Owing to the higher resolving power of ENDOR, a more detailed analysis of the ligand hyperfine couplings can be extracted from the EPR spectra, which in turn provides more information on the metal-ligand orientation and unpaired spin densities, even in orientationally disordered systems, 4, 5 as illustrated by the many excellent ENDOR reviews of copper proteins. 6 Furthermore, it is well known that the correlation between the Cu g ∥ and A ∥ values can provide useful insights into the local coordination environment surrounding the Cu(II) centre. 7 However, an equally important correlation is also found between the hyperfine coupling constants of the donor nitrogens and the structure of the first coordination sphere in the Cu(II) complex, as revealed by the 14 N ENDOR spectra. 8 As a result, both single crystal and 
Results and discussion
Crystal structure
The ethylene diamine copper(II) complex [Cu(en) 2 ](OTf ) 2 1 was prepared using anhydrous copper(II) triflate in dry acetonitrile. X-ray quality single crystals were grown directly from the reaction mixture; the molecular structure is displayed in Fig. 1 , with principal metric parameters listed in Table 1 . The structure contains two independent copper centres, each displaying a distorted octahedral geometry, as evidenced by the angles subtended at copper, which deviate from the ideal 90°. As expected for Cu(II), the complex displays a significant JahnTeller distortion along the O-Cu-O axis, the bond lengths being significantly greater than the Cu-N bond distances by ca. 0.5 Å. The triflate anions, whilst loosely coordinated to the copper centres, are also held in place by a series of intra-and inter-molecular hydrogen bonds, which were found between non-coordinating oxygen atoms and N-H groups of the ethylene diamine ligands. The metric parameters lie within the expected ranges found within the Cambridge Structural Database.
14 Whilst the structure of 1 has not been reported, the structural motif containing two ethylene diamine units occupying the equatorial plane of a Cu(II) complex is by no means uncommon. There are many such complexes reported, the most common being those in which water ligands occupy the axial positions, 1 although examples have been reported containing coordinated counterions, such as nitrate, 1d,15 oxalate, 16 sulphonate, 17 and carboxylate. 18 The mass spectrometry data are supportive that the solid state structure is largely representative of the structure in solution: as expected from a weakly coordinated triflate, the parent ion was not observed, and the largest identifiable peak was that attributed to the cation formed via loss of one triflate. Nevertheless, the fact that one triflate remains coordinated under such conditions shows a significant degree of triflate coordination that is likely to exist in solution, and this has been confirmed using ENDOR measurements (vide infra).
DFT calculations
The structure of [Cu(en) 2 ](OTf ) 2 1 was calculated by density functional theory calculations, using the unrestricted B3LYP hybrid functional and the 6-31+G(d,p) basis set incorporated into the Gaussian 09 software package. 19 The optimised structure was found to be in excellent agreement with the X-ray structure; TD-DFT calculations were performed and indicated an excited state absorption at 536 nm, corresponding largely to a formally forbidden transition between MOs containing d character ( Fig. 2 and Fig. S1 †) . This matches extremely well with the experimentally observed UV-vis absorption at 545 nm (ε = 75.6 mol −1 dm 3 cm −1 ). Tables 2-4 and discussed further below.
EPR spectroscopy
The X-band continuous wave (CW) EPR spectrum of 1 was recorded in a frozen solution of acetonitrile-tetrahydrofuran
(1 : 1) at 10 K (Fig. 3a) . This MeCN-THF solution was found to give the best quality spectrum. The isotropic room temperature EPR spectrum and the X-band pulsed (FSED) EPR spectrum are also shown in the ESI for completeness ( Fig. S2 and S3 †).
No extra resolution was observed in the pulsed EPR spectrum. The low temperature CW spectrum ( Fig. 3a ) was found to be axially symmetric (Table 2) . Although the copper hyperfine splitting could be readily extracted from the spectrum, the contributions to the spin Hamiltonian from the two 63,65 Cu isotopes and the 14 N ligand nuclei could not be determined. In general, large 14 N superhyperfine couplings can be directly observed in the X-band EPR spectra of Cu(II) macrocycles (e.g., in Cu(II) porphyrins, phthalocyanines) or salen complexes. The absence of such resolved features and resolution in Fig. 3a arises from the considerably smaller magnitude of the 14 N coupling in 1 (vide infra).
To obtain more accurate g values, the Q-band EPR spectrum was also recorded (Fig. 3b) . Owing to the magnitude of the g 3 and A 3 components, a considerable overshoot appears in the X-band spectrum, common for such Cu(II) complexes, 21 and this complicates the extraction of the perpendicular g values from X-band data alone. Owing to the large g strain experienced at the higher field, a reliable estimate of the unresolved perpendicular A values is also difficult; nevertheless, analysis of the a iso coupling from the room temperature spectrum ( Fig. S2 †) enables an accurate value to be found. The resulting X-and Q-band simulations are shown in Fig. 3a′ and b′, and the associated spin Hamiltonian parameters are listed in Table 2 .
The g values for 1 are similar to those previously reported for [Cu(en) 2 ] and typical of those expected of Cu(II) bearing a d x 2 −y 2 ground state. The literature references in Table 2 were all studied at X-band frequency, hence only axially symmetric g values were reported. In this work, a very small rhombic distortion can be observed in g for [Cu(en) 2 ](OTf ) 2 afforded by the increased resolution at Q-band frequency ( Table 2 ). The variation in g 3 is clearly influenced by the choice of the counterion, although the chloride, sulphate and nitrate bearing 
Ref.
[ 
ENDOR of ligand nuclei
ENDOR spectroscopy provides more information on the extent of spin delocalisation onto the surrounding ligand nuclei. In ideal cases (single crystals), analysis of the spectra yields the complete hyperfine tensor for interacting nuclei, including the orientation of the respective tensors. In frozen solutions, the analysis is considerably more complicated. Nevertheless, by recording the ENDOR data at selected magnetic field positions (Fig. 3c) , one can observe spectra from the copper complexes having a specific orientation with respect to the external magnetic field. The theory of angular selective ENDOR for disordered systems was initiated by Rist and Hyde, 5a and completed for general cases by Hoffman and co-workers 5b,c (with later adaptations by Kreilick), 5d,e and has been explained in several reviews. 23 An important aspect to note, is that the two unique 'single crystal-like' turning points in the powder EPR pattern, namely corresponding to a g = g ⊥ and g = g ∥ position (shown by arrows in Fig. 3c ) can be more readily resolved at Q-band, since considerable overlap of multiple Cu m I transitions occurs close to g = g ⊥ at X-band, rendering the data more difficult to simulate. Hence, the angular selective Q-band 14 N, 1 H and 19 F ENDOR spectra recorded at multiple field positions are shown in Fig. 4 and 5. The experimental and simulated angular selective 14 N ENDOR spectra are shown in Fig. 4 . The resulting hyperfine and quadrupolar values are listed in Table 3 . The hyperfine tensor is very nearly axially symmetric, with the largest principal axis directed approximately along the Cu-N bond. There is no evidence of any inequivalency among the four 14 N nuclei in the ENDOR spectra, as suggested by the slight rhombicity in Fig. S5 ; T.W. = this work. the g tensor. Any minor in-plane distortion leading to in-equivalencies in the nitrogen couplings, would likely be unresolved in the intrinsically broad 14 N spectra. The hyperfine coupling is noticeably smaller in 1 compared to a range of other Cu(II) complexes bearing coordinated nitrogen ligands in an N 2 , N 4 or N 2 O 2 environment (see Table 3 ). This indicates that the delocalisation of the unpaired spin onto the ligand nitrogen nuclei is significantly smaller in this complex (a iso = 30.5 MHz for 1, compared to 42.13 MHz for [Cu(salen)], 9e for example).
Interactions of Cu(II) complexes with electron-donor molecules causes a decrease of the nitrogen coupling constants in the square-planar array. 8 In the present case of [Cu(en) 2 ](OTf ) 2 , electron donation from the oxygen atoms of the counterions in the two axial positions may be responsible for the much smaller hyperfine couplings detected. The magnitude of the 14 N hyperfine coupling in any Cu(II) complex will depend on the extent of distortions to the inplane arrangement of the ligands 9f (which in turn affects the unpaired electron distribution) but also from hybridisation of the nitrogen coordinating orbitals. 8 Complexes bearing coordinated nitrogens with planar conformation, such as imino nitrogens and aromatic aza nitrogens (salen and porphyrin complexes, Table 3 ), are expected to produce large hyperfine couplings, compared to those with nitrogens possessing a tetrahedral conformation, such as amine nitrogens. As a result the sp 3 hybridised nature of the nitrogens in the en ligand accounts for the lower observed 14 N hyperfine couplings in 1.
Although in-plane distortions may partly contribute to the lower N A values in 1, the hybridised 14 N orbitals of en which overlap with the |x 2 − y 2 〉 metal orbitals, would appear to be the dominant factor.
The results presented herein demonstrate that the N-donor hybridisation might be predicted based on the magnitude of the 14 N hyperfine coupling determined through ENDOR spectroscopy. This diagnostic tool may prove particularly useful in investigations of samples with unknown or competing donor molecules.
The magnitude of the 14 N couplings ( Table 3 ) are such that at X-band frequencies, the 1 H and 14 N peaks are completely overlapped, owing to the large nuclear Larmor frequency of the proton. This can be seen in the pulsed X-band Davies ENDOR spectrum (Fig. S4 †) (Fig. 5) , since ν n = 51 MHz for 1 H at 1200 mT, avoiding any overlap and distortion with the 14 N peaks which now appear in the 5-30 MHz region (Fig. 4) . The 1 H ENDOR spectra were extremely well resolved, facilitating the simulations and extraction of the hyperfine couplings. The resulting principal components of the hyperfine values are listed in Table 4 . Three distinct sets of proton couplings were identified. By comparison to the values calculated by DFT, these couplings were assigned to the -NH amine proton and the axial and equatorially positioned methine protons of the carbon backbone (labelled CH ax/eq ). The agreement between the experimental and calculated hyperfine couplings is excellent. The -NH proton possesses a relatively large a iso and A dip value, reflecting both the unpaired spin density in the sp 3 hybridised 14 N orbitals, and the close proximity of the amine proton to the copper centre. Whilst the axial -CH proton also has a large a iso component, the dipolar contribution to the hyperfine tensor is considerably less owing to the Cu⋯H distance. An almost opposite trend is manifested for the equatorial -CH proton, and once again this is expected owing to the orientation of these protons in positions parallel and orthogonal to the primary Cu-N4 plane. Although the crystal structure clearly evidences the presence of an internal H-bond between the -NH proton and the oxygen of the triflate counter-ion, we were unable to confirm this via our ENDOR measurements. In principle, H-bonding to a proton will result in a broadening of the ENDOR peaks, and in some favourable cases, a shift in the hyperfine coupling. 24 Recording the ENDOR spectra of [Cu(en) 2 ] 2+ in the absence of a potential H-bonding counter-ion, and in a solvent of different dielectric properties, would be required to extract the experimental -NH coupling in the absence of H-bonding and to examine how solvent affects the strength of the H-bond. The 19 F hyperfine coupling, arising from the coordinated triflate counter-ion, was also clearly resolved in the ENDOR spectra. Since ν n = 48 MHz for 19 F at 1200 mT, the fluorine couplings are partly overlaid on the 1 H spectra (Fig. 5) . Since the theoretical a iso for 19 F is very large (52 808 MHz), even a small spin density at the nucleus is sufficient to produce a resolvable coupling by ENDOR (Table 4) 
Experimental
[Cu(en) 2 ](OTf ) 2 was prepared and handled under an atmosphere of argon or dinitrogen using standard Schlenk and glove box techniques. Solvents were dried by passing through an alumina drying column incorporated into a MBraun SPS800 solvent purification system. All solvents were degassed, saturated with argon, and stored under argon in Teflon valve ampoules prior to use. All other reagents were purchased from commercial suppliers and used as received unless otherwise stated. Infrared spectra were prepared as KBr pellets and were recorded on a Jasco 660-Plus FTIR spectrometer. Infrared data are quoted in wavenumbers (cm −1 ). UV/vis data were measured on a Perkin Elmer Lambda 20 UV/vis spectrometer. Elemental analyses were recorded by Mr Stephen Boyer at London Metropolitan University, and mass spectra were recorded by the EPSRC National Mass Spectrometry Service.
[ (1 : 1, 21 mM). All X-band EPR spectra were recorded on a Bruker EMX spectrometer operating at 100 kHz field modulation and equipped with a high sensitivity X-band cavity (ER 4119HS). The spectra were recorded at a microwave power of 10 mW at 140 or 298 K. The CW Q-band ENDOR spectra were recorded at 10 K on a CW Bruker ESP 300E series spectrometer equipped with an ESP360 DICE ENDOR unit, operating at Dalton Transactions Paper 12.5 kHz field modulation in a Q-band ENDOR cavity (Bruker ER 5106 QT-E). The ENDOR spectra were obtained using 8 dB RF power from an ENI A-300 RF amplifier and 50 or 200 kHz RF modulation depth and 1 mW microwave power. The pulsed X-band EPR/ENDOR spectra were recorded on a Bruker Elexsys E580 spectrometer equipped with a liquid Helium cryostat from Oxford Inc. Simulations were performed using the Easyspin toolbox in Matlab. 26 
DFT calculations
Geometry optimisation and TD-DFT calculations were performed using the Gaussian 09 program. 19 The structure of [Cu(en) 2 ](OTf ) 2 1 was optimised without geometry restraints using the unrestricted B3LYP hybrid functional, employing the 6-31+G(d,p) basis set on all atoms. The geometry optimisation was followed by a frequency calculation to ascertain the nature of the stationary point (minimum vs. saddle point). TD-DFT calculations were performed on the optimised geometry. The 12 lowest excitation energies were calculated. The EPR parameters were calculated via spin-unrestricted density functional computations using the ORCA package 20 using the DFT-optimised coordinates for 1. The computations were performed with the B3LYP functional. Basis sets with significant flexibility in the core region were used (ORCA basis sets 'CoreProp' (CP(III)) 27 for copper, and a Barone basis set 'EPRII'
28 for the remaining atoms).
Crystallography
Single crystals of [Cu(en) 2 ](OTf ) 2 suitable for X-ray analysis were grown from a saturated solution in acetonitrile. ‡ X-ray data were collected by the EPSRC National Crystallographic Service 29 on a Rigaku Saturn 724+ CCD diffractometer. Intensity data were measured at 100 K using Mo-K α radiation (λ = 0.71073 Å). The structure was solved using direct methods with absorption corrections being applied as part of the data reduction scaling procedure. After refinement of the heavy atoms, difference Fourier maps revealed the maxima of residual electron density close to the positions expected for the hydrogen atoms; they were introduced as fixed contributors in the structure factor calculations and treated with a riding model, with isotropic temperature factors (U iso (H) = 1.3U eq (C)) but not refined, except for the hydrogens attached to the nitrogen atoms, which were taken from the Fourier difference synthesis and refined. The N-H bond distances were restrained to 0.91(2) Å. Full least-square refinement was carried out on F 2 . A final difference map revealed no significant maxima of residual electron density. Structure solution and refinement were performed using the SHELX software suite. 30 CCDC reference number: 946821.
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